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Abstract 
NIOSH Method 2549 uses a hyphenated thermal desorption-gas chromatography/mass 
spectrometry instrumental method with thermal desorption tubes as the sample media for 
assessment of a variety of volatile and semi-volatile compounds. Other methods in the NIOSH 
Manual of Analytical Methods use solvent extraction methods for analysis. Of note are those 
methods that require the analysis of coconut charcoal tubes using carbon disulfide extraction and 
subsequent analysis via gas chromatography-flame ionization detector. Presented here is a 
comparison of the methodologies with regard to environmental and occupational health 
ramifications, as well as method sensitivity as evaluated via limits of detection and compound 
ranges. 
 
Evaluation of the changes of capability in thermal desorption instrumentation over the twenty 
years following the inception of the NIOSH 2549 Method call for a review of its use as a 
screening method. Advances suggest that quantitative methods are now appropriate based on 
said advances. Elimination of prior “one-shot” sample desorption that lead to the favor of solvent 
extraction for volatile organic compound analysis is no longer applicable. While both methods 
have certain limitations, benefits such as sensitivity gains related to pre-concentration (thermal 
desorption) techniques along with the added benefit of control via elimination of solvent support 
a review of standing methods for many volatile organic compounds in the NIOSH method 
lexicon. Drawing from updated reference methods and various studies, additional data can be 
gleaned to further support the advancement of thermal desorption as a trusted and versatile 
means of quantitation.  
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1. Introduction  
Within the ever-changing landscape of science, particularly in analytical chemistry, 
progress is continually made to advance our ability to gather quantitative data at lower and lower 
limits of quantitation and detection. This stems from advances in analytical instrumentation 
capabilities and has the dual effect of supporting the analysis of compounds at more stringent 
limits then may have previously been possible. Collaborative work of multiple enforcement and 
recommending bodies also act as an impetus to achieve lower detection limits. As new 
toxicological and epidemiological data becomes available, revised environmental and 
occupational exposure limits are set in response; complimented by greater analytical sensitivity. 
It is through a culmination of the efforts of recommending and enforcement bodies such 
as the International Agency for Research on Cancer (IARC), the National Institute for 
Occupational Safety and Health (NIOSH), the Environmental Protection Agency (EPA), and the 
Occupational Health and Safety Administration (OSHA) that sufficient information can be 
gathered to support the lowering of occupational exposure limits (OSHA, 2017). While certain 
enforcement bodies do not directly affect OELs, it is through collaborative information sharing 
that further justification for OEL amendments can be made. An example of this would be 
OSHA’s proposed beryllium rule, which relied on NIOSH, EPA, and IARC identification of this 
substance as a carcinogen to justify lowered limits (OSHA, 2017). 
Over and above toxicological or epidemiological studies, one might ask what other 
situations merit review of the methods used to obtain data? Is a direct risk to health and safety 
professionals performing these analyses enough? Do the environmental ramifications of a 
particular method also provide the necessary impetus for reassessment? A challenge to methods 
is the ability to evolve with the ever-advancing world of instrumentation and the various 
2 
alternative methods that may offer not only superior quantitation, but added incentives of less 
risk and/or better protection of the environment. Two Centers for Disease Control and  
Prevention (CDC) - NIOSH methodologies for analysis of volatile and semi-volatile compounds 
will be compared in this work with a focus on the improvements that may be seen in one versus 
the other: in sensitivity; environmental ramifications; and health and safety concerns. 
2. Research Question: Solvent Extraction or Thermal Desorption? 
 Solvent extraction is a method that has become ubiquitous in the study of volatile and 
semi-volatile organic compounds. Various solvents are used in these extractions, such as 
isopropyl alcohol, methylene chloride, methanol, hexane, etc. The CDC - NIOSH Manual of 
Analytical Methods, 4th Edition, has an extensive list of volatile organic compounds (VOCs) and 
semi-volatile organic compounds (SVOCs) which may be quantitated via solvent extraction. As 
to narrow the scope of this work, an emphasis was made to evaluate methods that use carbon 
disulfide (CS2) extraction of VOCs and SVOCs from coconut charcoal tubes followed by 
separation and quantitation via gas chromatography-flame ionization detector (GC/FID). 
This sampling technique involves the adsorption of organic compounds onto a glass tube 
with a 7 cm x 6-mm OD x 4-mm ID geometry. This contains two sections of activated (600 °C) 
coconut shell charcoal (front = 100 mg; back = 50 mg) separated by a 2-mm urethane foam plug. 
A silylated glass wool plug precedes the front section and a 3-mm urethane foam plug follows 
the back section, henceforth referred to as coconut charcoal tubes (CCT) in this document. Using 
active (pumped) or passive (diffusive) sampling methods, said tubes are subsequently analyzed 
using CS2 extraction of the sorbent material, and liquid injection of the compound containing 
post-extraction solvent into the GC-FID. The methods evaluated using this methodology were all 
taken from NIOSH Manual of Analytical Methods (NMAM), 4th Edition: Ketones I, Method 
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1300 (Grote, 1994), 1,1,2-Trichloro-1,2,2-Trifluoroethane, Method 1020 (Pendergrass, 1994a), 
hydrocarbons, Halogenated, Method 1003 (Pendergrass, 2003), Hydrocarbons, Aromatic, 
Method 1501 (Pendergrass, 2003), Methylene Chloride, Method 1005 (Pendergrass, 1998), Ethyl 
Acetate, Method 1457 (Pendergrass, 1994b), Terpenes, Method 1552 (Pendergrass, 1996), and 
Hydrocarbons, BP 36°-216°C, Method 1500 (Lunsford, 2003). 
An additional method exists in NMAM, 4th Edition, Method 2549 (Grote & Kennedy, 
1996), which may be used for a multitude of VOCs. This method instead utilizes “standard” 
(3.5” length x ¼” O.D. geometry) thermal desorption tubes for sampling, which may utilize a 
variety of different sorbents, most typically porous polymers, graphitized carbon blacks, and/or 
carbonized molecular sieves, based on the compounds of interest one wishes to capture. This is 
then followed by hyphenated thermal desorption, gas chromatograph, and mass spectrometer 
analysis. The method is currently listed as a screening method.  
This review will focus on a number of important concerns raised when one compares 
solvent extraction versus thermal desorption methods, as well as the appropriateness of thermal 
desorption being limited to a screening method. Important environmental and occupational safety 
and health concerns are raised in the use of solvent extraction methods, which will be 
considered. In addition, the review assesses the historic precedent favoring solvent extraction and 
said precedent’s accuracy in light of thermal desorption instrumentation advancements over the 
course of the last twenty years.  
3. Background 
3.1. Environmental Ramifications and Physical Hazards of Solvent 
Extraction 
The hazards associated with solvents and solvent disposal have been well documented. 
While CS2 is not persistent in water and soil and dissipates quickly due to the high vapor 
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pressure of the compound (352.6 mm Hg at 25 °C) once in the atmosphere, photochemical smog 
is generated via a reaction with other volatile organic compounds in the air matrix, such as 
carbonyl sulfide and sulfur dioxide. The persistence in water is limited with an approximate 2 
day half-life (National Pollutant Inventory, 2014). 
 In terms of toxicity to animals, acute and chronic toxic effects are noted with particularly 
deleterious effects on aquatic life.  In the case of acute exposures, death of animals (LD50: = 
1200 mg/kg (Rat), birds, fish (LC50: = 4 mg/L, 96h static (Poecilia reticulata)), and plants 
(EC50: = 21 mg/L, 96h (Chlorella pyrenoidosa)) may occur (Fisher Scientific, 2016). Due to the 
fact that exposure effects may be delayed, this can be a particular hazard to offspring (National 
Pollutant Inventory, 2014). In terms of chronic effects, reduced lifespan, embryotoxicity, and 
fetotoxicity in animal studies have been shown (Kushwaha, 2015). 
 Physical hazards associated with the use of CS2 include its flammability and explosive 
potential. As a result, adequate ventilation must be assured. One of the primary controls used is 
closed system ventilation. In addition, reactions of CS2 can occur with air, alkali metals, 
aluminum, azides, many oxidants, and phenyl copper-triphenylphosphine complexes (ATSDR, 
2013) so the ability to maintain the atmospheric integrity in storage and work areas is imperative 
to preventing resultant violent and/or explosive reactions that might occur through lack of proper 
ventilation. This also indicates a requirement to avoid friction and shock and to ensure 
electrostatic charges do not occur (CDC NIOSH, 2014). 
 A review of the OSHA’s “accident search” site lists multiple incidents related to use of 
CS2. Of note were two events caused by carbon disulfide within a period of 5 months of one 
another in 1987. On July 23, 1987 at the Research Triangle Institute, an employee was using a 
separatory funnel to purify carbon disulfide when the chemical exploded, causing a fire. Seven 
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employees were injured, 6 due to asphyxia from smoke, while the employee performing the 
separation suffered burns. In February of that same year, at Teepak, Inc., a semi-continuous 
monitoring device was to be installed to check carbon disulfide levels, but was not yet 
operational. It is believed that the CS2 vapor buildup in one of the tanks of the process machines 
was ignited by a heat exchanger at the tank. This resulted in a fire and explosion causing injury 
to 6 employees. Thankfully, there were no fatalities. Unfortunately, in a 2006 explosion at Ops 
Contracting Services LLC, a fatality resulted from a worker’s attempt to clean sludge from a tank 
containing residual CS2. Burns and gas inhalation were thought to be the cause of death 6 days 
later when the worker perished (OSHA, 2017).    
3.2. Human Health Hazards 
The more conservative occupational exposure limits, Recommended Exposure Limits set 
by NIOSH and Threshold Limit values, set by the American Conference of Governmental 
Industrial Hygienists, list a NIOSH 10 hour  and ACGIH 8 hour TWA of 1 ppm (3 mg/m3) 
(OSHA, 2017). NIOSH goes on to also list a 10 ppm (30mg/m3) STEL [skin] with an IDLH of 
500 ppm. ACGIH also lists a 0.5 mg/g creatinine Biological Exposure Indices (BEI) with the 
determinant being 2-Thioxothiazolidine- 4-carboxylic acid (TTCA) in urine (OSHA, 2015). 
Even the less stringent OSHA permissible exposure limit is set at a 20 ppm TWA; 30 ppm 
Ceiling for 30 min; and 100 ppm Peak. The primary exposure route is inhalation, but dermal and 
ingestion secondary exposure routes are also noted (CDC NIOSH, 2014). 
Toxicological evidence has indicated that one of the primary concerns of CS2 exposure is 
developmental risks resulting from fetal exposure. This in conjunction with risk for fetal 
reabsorption make avoiding exposure of pregnant women vital. Aside from fetotoxicity, the 
6 
health effects ascribed to acute exposures are many and varied. ATSDR (2014) reports additional 
acute health effects including: 
Central nervous system (CNS) related issues such as nausea, dizziness, headache, 
delusions, hallucinations, delirium, mania, psychosis, blurred vision, convulsions, 
and coma…respiratory tract irritation… ocular manifestation such as corneal 
burns and conjunctivitis; dermal irritation ranging from pain, redness, and blisters 
of the mucosa to more advanced second and third degree burns with higher 
exposures; cardiovascular (angina); and gastric (nausea and abdominal pain) 
issues. 
In chronic exposures, carcinogenicity has not been established, but action as a genotoxin 
and reprotoxicant are well documented. Not only can fetal development be affected, additionally 
CS2 can cause menstrual abnormalities in female subjects while male subjects experience 
changes in spermatogenesis stemming from testicular damage and decreased libido (ATSDR, 
2014). Similar central nervous system and peripheral nervous system issues result with chronic 
and acute exposures, and can cause permanent damage. The cardiovascular abnormalities 
manifest in electrocardiogram (ECG) readings and atherosclerosis. Systemic issues are far 
reaching with involvement of liver, gastrointestinal, kidney, blood and optic pathogenesis also 
reported (ATSDR, 2014). 
There seems to be a dearth of information on the risks of chronic exposure directly 
relating to laboratory professionals and the type of low dose, chronic exposures they might 
experience over a lifetime of lab work. That being said, Ruijten et al (1990) offered work that 
provided some parallels to what might be seen as a result of lab work’s chronic, low dose 
exposures. A group of workers in a viscose rayon plant with chronic exposures (mean 20 yrs.), 
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even below the current 10 ppm REL, showed a decrease in conduction velocity of slow motor 
fibers, indicative of CS2 neuropathy (Ruijten, 1990). Chronic low dose exposures over a period 
of only 2 or 3 years have already shown deleterious effect on reproductive function. One study 
noted that in a three year period, exposure to 9.63 ppm levels resulted in depressed blood 
progesterone levels, increased estriol, and irregular menstruation in women. In men, 12.84 to 
25.69 ppm exposures resulted in Asthenospermia, hypospermia, and teratospermia in just two 
years (World Health Organization, 2000). 
3.3. Common Exposure Groups 
Carbon disulfide is commonly applied in industrial processes, the manufacture of viscose 
rayon fibers being the most conspicuous. Other frequent areas of use include as a solvent, in 
production, as a fumigant, and insecticide. In coal and oil production, carbon disulfide is often 
seen as an emitted byproduct (State of California, n.d.). Workers performing these tasks require 
monitoring and appropriate control measures to be in place to ensure their safety throughout the 
course of their job.  
As listed in the above examples of CS2 usage, Carbon disulfide is often used as a solvent 
in organic extraction techniques. Chemists must be made aware of the necessary control 
measures to prevent exposure. While ventilation systems such as fume hoods are often used to 
keep levels under OELs, PPE is also required. PPE, however, is the lowest in the hierarchy of 
controls that should be employed in mitigating exposure, having no direct effect on the chemical 
in use or its concentration. The NIOSH methods for assessment of VOCs and SVOCs using 
carbon disulfide extraction of coconut charcoal tubes, ironically, put the very health and safety 
professionals trying to prevent exposures at risk of potential exposure themselves.  
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3.4. Historical Use of GC/FID and GC/MS 
Carbon disulfide solvent extraction was historically used with GC/FID because the 
solvent was nearly invisible to the detector. This is a destructive technique of analysis, and once 
the sample was run, said sample was consumed during ionization by the FID. That being said, it 
was widely considered preferable as the extracted solvent could then be reprocessed if needed, 
meaning this was not a “one-shot” technology.  
In years to follow, with advancement in GC/MS, the efficacy of this hyphenated 
instrumental set-up has been called into question for some applications. In the spring of 2001, in 
a presentation by Actlabs to the National Centre for Forensic Science and the International 
Institute for Forensic Sciences (Sutherland & Almirall, 2001), a review of ASTM E1387-01; 
Standard Test Method for Ignitable Liquid Residues in Extracts from Fire Debris Samples by 
Gas Chromatography, cited the insufficiency of GC/FID methods for the analysis of ignitable 
liquids. Not only was there a high risk of false negative results, the data were indefensible for all 
but the simplest of profiles. The ASTM 2001 Committee E30 Chairman agreed that the 
technique raised concerns, with Lentini (2001) stating: 
A calculation of error rates among over 200 laboratories participating in 
the last three CTS (Round Robin) tests revealed that users of E-1618 
(GC/MS) had an error rate roughly half that of users of E-1387 (GC/FID). 
As a consequence, (ASTM committee) E30 is considering the withdrawal 
of E-1387. 
GC/FID was subsequently withdrawn as of 2010. The E-1618 remains an active standard 
for the complex identification of ignitable liquids. Even the standing solvent extraction method 
to identify ignitable liquid residues in fire debris (ASTM, 2010) uses GC/MS. A very effective 
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method in the case of samples where low concentrations of the ignitable residues are present is 
ASTM E-1412, Standard Practice for Separation of Ignitable Liquid Residues from Fire Debris 
Samples by Passive Headspace Concentration with Activated Charcoal. This uses thermal 
desorption tubes to take an aliquot of headspace sample for pre-concentration and analyzes with 
a GC/MS backend (ASTM, 2016). 
Without a doubt, FID has good sensitivity (107) and linearity, as well as low relative 
standard deviations (RSDs). It has been used with great success for applications involving  
n-alkanes. One major benefit of FID is that the initial cost of the detector is less than MS. 
Although, when one considers cost of solvent use and disposal as well as ventilation costs, it 
would seem FID and MS are on par. The benefits mentioned support FID still often being used 
and written into standard methods. In a recent evaluation study for Photochemical Assessment 
Monitoring Stations, eight different vendors used various hyphenated instrumental setups to 
determine the most effective for study of ozone precursors (Cavender, 2014). The two most 
highly rated, with many rating factors including precision and bias, used GC/MS and 
GC/FID/Photoionization detector (PID). A joining thread between them was the use of an online 
monitoring system using Thermal Desorption/pre-concentration technology as the sample 
introduction method.  
As FID is essentially a “carbon counter” it is invaluable for hydrocarbons in that it breaks 
the C-H bonds to form ions (Ettre, 2008). It is this very same advantage that explains why CS2 is 
nearly invisible in the context of GC/FID analysis. Unfortunately, this also translates into far less 
usefulness for other functional groups, such as halogenated groups, those with N2, etc. as the 
sensitivity is effected by the lack of burn. Another primary benefit of mass spectrometry that 
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cannot be understated is the ability to determine unknown compounds via library search e.g. 
NIST library, whereas FID requires foreknowledge of compound to be analyzed. 
MS detectors, more specifically the most commonly used quadrupole mass spectrometer, 
have the ability to quantitate regardless of the element, albeit with slightly diminished linear 
range (105). Sensitivity of the total ion chromatogram (TIC) is equivalent to that of FID, and 
even greater still when run in SIM (selected-ion monitoring) mode (Shimadzu, 2017). In 
additional work, Haddad and MacMurphey (1997) showed that there was no statistically 
significant difference in total petroleum hydrocarbon (TPH) values quantified using GC/MS and 
GC/FID methods, supporting use of GC/MS methods for offering quantitation of all varieties of 
organic compound classes, including hydrocarbons.  
3.5. Solvent Extraction  
Solvent extraction allows for a compound in a gas to then be transferred to a solid 
(sorbent, CCT, etc.), and then from that solid to then be extracted into a liquid (solvent). In the 
methods discussed, the compounds are absorbed onto CCT, and subsequently extracted using a 
solvent in which the compounds will be soluble, in this case CS2.  
The use of carbon disulfide in solvent extraction with FID has additional limitations even 
with the low detector response that was anticipated. The repeatability that is a prominent boon to 
FID use is lost in the variability generated by use of solvent extraction. In the prior section, the 
discussion of solvent extraction’s favor based on the ability to maintain a portion of the extracted 
sample for further evaluation is frankly unwarranted.  This point of logic has since been called 
into question due to the variable results seen due to the evaporation of CS2 from sample, as well 
as absorption of the sample onto the GC septa (Woolfenden & Poole, 2012).  
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Other issues of solvent extraction, particularly in the context of use with GC/MS though 
not relegated to said detector, are solvent impurities and baseline irregularities of the 
chromatogram that interfere with reproducible data, and even can mask compounds of interest in 
solvent fronts (Woolfenden & Poole, 2012). One of the most disadvantageous issues that may be 
raised with solvent extraction is the severe reduction it causes in method sensitivity and the 
ability to see low concentrations. The limits of detection (LODs) typically start at a 0.1 to 1 ppm 
range. This is in part due to lessened desorption efficiency seen in CS2 extraction methods, 
where it is not unusual to see 75% efficiencies as standard (ISO16200, 2014).   
3.6. Thermal Desorption 
Thermal desorption takes advantage of the same theory one sees used in gas 
chromatography. In essence, the thermal desorption tube acts as a packed column, capturing 
compounds based on their volatility range. Then, when a heating ramp is applied with carrier gas 
flow through the tube, the compounds are released from the sorbent to be analyzed in their 
gaseous form through the remaining GC and detector steps. In this instrumental technology’s 
infancy, the “one shot” threat that pushed favor of solvent extraction methods was accurate; once 
a tube was run through the system, the sample no longer remained. This is no longer the case; 
thermal desorption has come a long way since the “Coker cooker” of the 1970s (Woolfenden & 
Poole, 2012). 
Once a tube is sampled, not only can a split be applied for high concentration samples to 
avoid overload of the detector, additionally, that split effluent can be quantitatively recollected 
onto a clean tube and re-run at various alternative split ratios or stored for method validation. In 
situations where low concentrations are encountered, the TD instrument can be run in splitless 
mode to gain the most sensitivity from the pre-concentration technique. Where solvent extraction 
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is diluting the sample and then taking a small amount of that diluted eluent, TD performs the 
opposite function, as illustrated in Figure 1: 
 
Figure 1. Thermal desorption pre-concentration of multi-stage units.1 
  
This particular concentrating effect is the result of a number of factors and is related to 
the improved desorption efficiency seen. By its nature, TD is a dynamic process with the flow of 
carrier gas removing compounds from the tube as it heats, transferring them onto a focusing trap 
for the secondary stage of the two step desorption process. This is not the case of the static 
solvent extraction processes, which lead to partitioning between sorbent, solvent, and vapor 
phases (Woolfenden & Poole, 2012).  
                                                 
1 Source: Courtesy of and use granted by Elizabeth Woolfenden, 2016 
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Another effect of the sensitivity gains in pre-concentration via TD is the ability to take far 
lower sample volumes than are required for solvent extraction. Ramírez, Cuadras, Rovira, 
Borrull, and Marcé (2010) reported the requirement for 720 L sample volumes for solvent 
extraction methods in order to achieve the same LODs as a 2.64 L sample volumes for the 
thermal desorption method on all of the 90 compounds assessed.  
While there are a number of thermal desorption units available on the market, the 
following explanation is specific to the engineering design of Markes International, Ltd’s 
thermal desorption units. To better understand the process by which two-stage desorption and 
recollection take place, the following Figures 2 and 3 are utilized: 
 
Figure 2. Quantitative recollection of thermal desorption tube split effluent2 
 
                                                 
2 Source: Courtesy of and use granted by Woolfenden, 2016 
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Note that the split can be recollected at both points in the two-stage desorption; split from 
tube to trap and again when split from trap to GC column. The ability to split at two different 
times in the desorption process allow for 125,000:1 split. While it is not usual that one would 
require such a high split ratio, this ability to do high splits and splitless injection permit analysis 
of varied concentration ranges from percent to sub-part per trillion (ppt).  
 
Figure 3. Illustration of two-stage thermal desorption.3 
 
The thermal desorption tube onto which the sample has been collected is desorbed using 
a carrier gas, most commonly helium. The carrier gas runs through the tube during the 
designated heating period, defined by type of compounds to be assessed, as well as the sorbents 
                                                 
3 Source: Courtesy of and use granted by Woolfenden, 2016 
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chosen onto which the sample has been collected. These are then recollected and concentrated 
onto the focusing trap.  
The focusing trap is also sometimes referred to as a “cold trap” although this is somewhat 
a misnomer as many applications only require ambient temperatures to capture compounds on 
the trap. In instances of highly volatile compounds, one would then see sub-ambient temperature 
use.  Once the compounds are on the trap, it is then heated at 100°C/sec to form a plug at the 
head of the GC column. It is this two-stage process that allows for sharp chromatographic peaks. 
If single-stage desorption is used, one sees broad peaks occurring (Figure 4). 
 
 
 
Figure 4. Illustration of chromatography with (top) single-stage desorption units, and (bottom) two-stage 
desorption units.4 
 
This technique allows for desorption efficiencies in the range of 95% up to 100% as 
standard.  
                                                 
4 Source: Courtesy of and use granted by Woolfenden, 2016 
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Another interesting aspect of thermal desorption is the ability to selectively reduce matrix 
interferences. One prime example is dry purging of a tube prior to analytical run to reduce water 
or solvent. The caveat being that the solvent or water must have a volatility different enough 
from the compound of interest as not to risk removal of said compound. Additionally, TD 
methods allow for use of multiple sorbent beds, some of which are hydrophobic, such as porous 
polymers like Tenax TA. By using these in conjunction with stronger sorbents also inline, there 
is the dual effect of better water management via lesser mass of the hydrophilic bed, and thus 
less water mass retention, as well as extended volatility range that may be captured on tube 
(Woolfenden, 2010a).  
The extension of the range of compounds that may be captured onto tube is primarily a 
product of two functions: a system that can backflush with carrier gas in the opposite direction in 
which the sample was taken, and the use of suitable sorbents for collection of sample. The TD 
tube and trap both have strong to weak sorbents in the direction of sampling, so heavier SVOC 
compounds are retained on the weaker sorbents while the VOCs continue to and are retained by 
the stronger sorbents (Woolfenden, 2010b). It is in this way that loss of compounds and 
permanent contamination of the strong sorbent are avoided. When the carrier gas is then 
backflushed through the tube and then trap, the compounds are released in the opposite direction 
from which they were sampled. One of the better known instances of extended volatility range 
using multi-bed sorbent tubes is the EPA TO-17 method. By using a porous polymer, graphitized 
carbon black, and carbonized molecular sieve 3-bed TD tube, the full range of volatility of all 
compounds required in the method are able to be quantitatively retained, as seen in the 
chromatogram in Figure 5.  
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Figure 5. Chromatogram of EPA TO-17 performed using a multi-bed sorbent tube, using a sample equivalent 
to 1 L of a 1 ppb standard on a Markes Unity thermal desorption unit and subsequently having undergone 
Post-run data processing with ClearView dynamic baseline compensation software.5 
 
 
3.7. Green Chemistry Perspective 
Thermal desorption tubes can be used in excess of 100 times or more, where CCT tubes are 
destroyed in the sample preparation process. TD tubes, at the end of their sorbent life, can also 
then be repacked and used again. The move toward sustainability, reuse, and greener living is 
                                                 
5 Source: Courtesy of and use granted by Markes International, Application Note 086 Monitoring ‘air 
toxics’ in ambient air using sorbent tubes by automated, cryogen-free thermal desorption in accordance with US 
EPA Method TO-17, www.markes.com  
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seen advancing not just as a cultural norm, but also in the science community. In the case of 
green chemistry, an early definition was given Anastas and Warner (1998) that outlined 12 
principles of green chemistry, listed verbatim as follows: 
1. Prevention - It is better to prevent waste than to treat or clean up waste 
after it has been created. 
2. Atom Economy - Synthetic methods should be designed to maximize the 
incorporation of all materials used in the process into the final product. 
3. Less Hazardous Chemical Syntheses - Wherever practicable, synthetic 
methods should be designed to use and generate substances that possess 
little or no toxicity to human health and the environment. 
4. Designing Safer Chemicals- Chemical products should be designed to 
affect their desired function while minimizing their toxicity. 
5. Safer Solvents and Auxiliaries - The use of auxiliary substances (e.g., 
solvents, separation agents, etc.) should be made unnecessary wherever 
possible and innocuous when used. 
6. Design for Energy Efficiency - Energy requirements of chemical 
processes should be recognized for their environmental and economic 
impacts and should be minimized. If possible, synthetic methods should be 
conducted at ambient temperature and pressure. 
7. Use of Renewable Feedstocks - A raw material or feedstock should be 
renewable rather than depleting whenever technically and economically 
practicable. 
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8. Reduce Derivatives - Unnecessary derivatization (use of blocking groups, 
protection/ deprotection, temporary modification of physical/chemical 
processes) should be minimized or avoided if possible, because such steps 
require additional reagents and can generate waste. 
9. Catalysis - Catalytic reagents (as selective as possible) are superior to 
stoichiometric reagents. 
10. Design for Degradation - Chemical products should be designed so that at 
the end of their function they break down into innocuous degradation 
products and do not persist in the environment. 
11. Real-time analysis for Pollution Prevention - Analytical methodologies 
need to be further developed to allow for real-time, in-process monitoring 
and control prior to the formation of hazardous substances. 
12. Inherently Safer Chemistry for Accident Prevention - Substances and the 
form of a substance used in a chemical process should be chosen to 
minimize the potential for chemical accidents, including releases, 
explosions, and fires. 
In relation to thermal desorption, it meets a number of these criteria. It is inherently safer 
(#12), prevents waste being formed from solvent (#1), by eliminating the need for their use (#5). 
This is not the case of CS2 solvent extraction methods, which do not meet any of the 
qualifications on the list for green chemistry. 
3.8. Additional Sample Introduction Methods 
Thermal desorption in the context of this paper deals mainly with use of thermal 
desorption tubes as the sampling media and subsequent sample introduction method into the 
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hyphenated analytical system. While it is beyond the scope of this work to provide in-depth 
analysis of the various applications that may also be performed using thermal desorption, it must 
be noted that this versatile technique offers a variety of sample introduction methods that may 
then take advantage of the two-stage pre-concentrating capability, offering up to 106 sensitivity 
gains (Woolfenden, 2010b). 
One common method is the collection of a volatile sample into canisters or tedlar bags, 
most notably EPA TO-15. Using a TD canister accessory, one can then concentrate this sample 
onto the focusing trap. Another popular introduction method is via on-line monitoring system 
(Markes Ltd., Unity-xr,/ Airserver-xr) for very volatile compounds that are, in fact, so volatile as 
to require immediate extraction from the air and onto trap and cannot be retained on tube. Ozone 
precursors and greenhouse gases are prime examples of this application of thermal desorption 
technology. In the chemical weapons arena, one would want to have continuous near-real time 
monitoring of the air. Utilizing a dual trap system, a near real time measurement can be 
performed where one sample is trap loaded as the other is being run, and then these processes 
reverse to provide full coverage (Markes Ltd., TT24-7-xr). With a large variety of accessories 
and sampling equipment, thermal desorption exceeds just the primary tube running capability 
associated with the technique. 
4. Methodology Comparison 
There are already standing methods that are well established for CS2 solvent extraction of 
coconut charcoal as well as thermal desorption methods. A comparison of these two 
methodologies can be made by reviewing existing standard methods. These methods show the 
utility and the quality of the result of each methodology in terms of limits of detection and 
concentration range.  
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NIOSH methods for solvent extraction are used, where-as in the case of thermal 
desorption, the breadth of existing knowledge is more greatly encompassed in using additional, 
well established, and more recent methods for illustrative purposes. There are a number of 
relevant methods that illustrate the efficacy of pumped sampling and diffusive methods that 
enable the collection of VOCs onto thermal desorption tube. While many are for environmental 
applications, the fundamental principles remain the same throughout. 
Initial research of NIOSH methods identified a number of compounds that had shared 
availability of both TD/GC-MS and CS2/CCT/GC-FID methods. This more limited data set was 
then compared to validated methods from other enforcement and recommending bodies, such as 
EPA, Health and Safety Executive (HSE), and the International Organization for Standardization 
(ISO). In cases where data on the compound did not exist within the methods cited, outside 
studies and application work were sought to verify compound data.  
This limited list shows only a small portion of the compounds that have been validated by 
these bodies, and even as part of the NIOSH methods themselves. For example, as mentioned 
prior, the list of solvents used for extraction are quite varied. In many of these in the organic 
compound family, they can all be run using thermal desorption sample introduction technologies 
rather than solvent extraction. A rule of thumb for thermal desorption is that if a standing GC 
method for the compound exists, it will be compatible. The different sample introduction 
methods allow for assessment of compounds with carbons n-C2 and freons, all the way up to      
n-C40-44 and polycyclic aromatic hydrocarbons (PAHs) (Woolfenden & Poole, 2012). 
In Appendix B, one can see an application note compiled by Markes International 
showing an extensive list of relevant validations and compounds of interest. Note that many of 
the same compounds can also be found on the NIOSH 2549 method as well. The list of 
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additional compounds that are germane in TD use are wide and varied, far reaching beyond even 
the scope of these documents. However, the focus on standing NIOSH methods that have 
comparable compounds analyzed with TD methods is again chosen to show the differences in the 
efficacy of these methods based on analytical parameters. 
In Table 1, for reference a comparison is made of volumes and flow rates listed in the 
cited NIOSH methods. Note that the table shows the compounds of interest compared in the 
NIOSH methods, as well as being illustrative of the flow rates that were considered apropos to 
TD tube sampling at the time of the 2549 Method’s inception. In cases where the compound was 
listed on the method but not studied, no flow rate has been listed.  
 
Table 1 . Comparison of NIOSH TD/GC-MS and CS2 /CCT/GC-FID method sampling volumes 
 and flow rates. 
Chemical 
Method No. 
TD/GC-MS 
Method 
No. 
CS2/CCT/G
C-FID
Vol.  (L) 
min  max  
TD/GC-MS
Flow Rate TD/GC-
MS (L/min)
Vol.  (L) 
min  max  
CS2/CCT/GC-
FID
Flow rate 
CS2/CCT/GC-FID 
(L/Min)
1,1,1 -Trichloroethane 2549 1003 1 - 6 0.01  - 0.05 0.1 - 8 0.01 - 0.2
1,1,2 -Trichloro-  1,2,2 -trifluoroethane 2549 1020 1 - 6 0.01  - 0.05 0.1 - 3 0.01  - 0.05 
Acetone 2549 1300 1 - 6 0.01  - 0.05 0.5 - 3 0.01 - 0.2
Benzene 2549 1501 1 - 6 0.01  - 0.05 5  -  30 0.01 - 0.2
Cyclohexanone 2549 1300 1 - 6 0.01  - 0.05 1  -  10 0.01 - 0.2
Dichloromethane 2549 1005 1 - 6 0.01  - 0.05 0.5 - 2.5 0.01 - 0.2
Ethyl acetate 2549 1457 1 - 6 0.01  - 0.05 0.1  - 10 0.01 - 0.2
Limonene 2549 1552 1 - 6 0.01  - 0.05 2  -  30 0.01 - 0.2
Methyl  isobutyl ketone 2549 1300 1 - 6 0.01  - 0.05 1  -  10 0.01 - 0.2
n-Decane 2549 1500 1 - 6 0.01  - 0.05  
n-Heptane 2549 1500 1 - 6 0.01  - 0.05 
n-Hexane 2549 1500 1 - 6 0.01  - 0.05 4 - 4 0.01 - 0.2
n-Octane 2549 1500 1 - 6 0.01  - 0.05 4 - 4 0.01 - 0.2
n-Pentane 2549 1500 1 - 6 0.01  - 0.05 4 - 4 0.01 - 0.2
Pinene 2549 1552 1 - 6 0.01  - 0.05 2  -  30 0.01 - 0.2
Toluene 2549 1501 1 - 6 0.01  - 0.05 1 - 8 0.01 - 0.2
Xylene 2549 1501 1 - 6 0.01  - 0.05 2  -  23 0.01 - 0.2
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4.1. Flow Rates 
Much has changed in the twenty years when the NIOSH 2549 Method was last revised. 
There is a far greater breadth of knowledge on thermal desorption techniques and significant 
engineering advances that can be illustrated from the above Table 1. For instance, the flow rates 
listed for the method range from 0.01 to 0.05 L/min. It has been found for sampling on TD tubes, 
as reflected in other methods such as EPA TO-17, that a flow rate of 0.05 to 0.2 L/min are most 
conducive to sorbent/sorbate interaction for the majority of VOCs and SVOCs encountered 
(Woolfenden & McClenny, 1999).  
4.2. Low Flow Rate and Volatile Trace Level Sampling 
In some cases lower flow rates may be required for time weighted averages or there may 
be a need to collect trace levels of volatile compounds. When this is the case, there is a chance 
that back diffusion may occur. Again, historically this would have been problematic. There is a 
solution in using tubes with anti-diffusive technology (Woolfenden & Cole, 1999). The SafeLok 
(Figure 6) is an anti-diffusive spiral path inserted into both ends of a sample tube. When carrier 
gas is applied with heating, compounds that were sampled onto the tube easily come off. In the 
interim, while sampling at low flow rates for very volatile samples, during storage, and while 
placing the tube in the instrument, there is no ingress or egress of compounds onto the tube. Of 
course, these cannot be used with diffusive sampling methods or direct desorption of materials 
because the SafeLok insert is not removable.  
 
24 
-  
Figure 6. Schematic of SafeLok tube packed with two sorbents and a standard thermal desorption tube with 
and without SafeLok insert. 6 
The volumes that should be sampled are very much contingent on the sorbent(s) being 
used and the breakthrough volume of the compound on that particular sorbent(s) (Woolfenden, 
2010a). A standard 1.0 to 6.0 L is no longer the only data available. In fact, a number of the 
compounds seen in Table 1 can be seen in other methods as well, with varying volumes required. 
An example would be 1,1,1-trichloroethane. If one were to use a strictly a graphitized sorbent 
black, such as Carbograph 2 TD, there is no safe sampling volume at which the compound would 
be retained on sorbent. On the other hand Tenax TA, a porous polymer, lists a breakthrough 
volume at 2.2. L and a safe sampling volume of 1.1 L (Appendix C).  
4.3. Measurement Range  
Notably absent from Table 2, below, is a listed measurement range for thermal 
desorption. Due to the ability to run high splits or split-less methods on the engineering of the 
modern TD system, the range can be from part per trillion (ppt) to percent level concentrations. 
The split being integral to range for TD-GC/MS methods is further supported by ISO 16017-
1:2003 and ISO 16017-1:2003. It defines the upper limit of the range as set not only by 
                                                 
6 Source: Markes International Consumables Catalogue, 2013-14, p. 6.  
25 
instrument capacity for split, but also sorptive capacity and linear dynamic range of the gas 
chromatograph column and detector chosen. The lower limit of the useful range was defined in 
terms of detector signal/noise ratios and sorbent artefacts that may interfere with blank levels. 
For reference, NIOSH (1998) describes the measurement range for solvent extraction 
defined as: 
Range of substance, in mass per sample, from the LOQ (or from 10 
times the LOD, if LOQ is not known) to an upper limit characteristic of 
the analytical method, e.g., the limit of linearity or the mass at which 
precision of the method starts to become worse than Šr = 0.1. 
The point of interest in the ranges is principally that the ranges tend to be higher, in 
keeping with the higher LODs of the solvent extraction methods. This supports the advantage of 
thermal desorption in terms of sensitivity of the technique. 
 
 
26 
Table 2. Comparison of NIOSH TD/GC-MS and CS2 /CCT/GC-FID method LODs and Measurement Ranges 
Chemical 
Method 
No. TD/GC-
MS 
Method estimated TD LOD (in 
ng)
Method No. 
CS2/CCT/GC-
FID
Method estimated CS2 
LOD (in ng) CS2 Measurement Range
1,1,1 -Trichloroethane 2549 100 ng per tube or less 1003 1000 ng/sample
18 to 1450 ppm @ max sample 
volume 8L
1,1,2 -Trichloro-  1,2,2 -trifluoroethane 2549 100 ng per tube or less 1020 5000 ng/sample 0.015 to 14 mg/sample
Acetone 2549 100 ng per tube or less 1300 20,000 ng/sample 2.4 to 14.2 mg/sample
Benzene 2549 100 ng per tube or less 1501 500 ng/sample 0.004-0.35mg/sample
Cyclohexanone 2549 100 ng per tube or less 1300 20,000 ng/sample 3.8 to 18.0 mg/sample
Dichloromethane 2549 100 ng per tube or less 1005 400 ng/sample 1.4 to 2600 µg /sample
Ethyl acetate 2549 100 ng per tube or less 1457 500 ng/sample 1.5 to 1,000 µg /sample
Limonene 2549 100 ng per tube or less 1552 400 ng/sample 2 to 840 µg/sample
Methyl  isobutyl ketone 2549 100 ng per tube or less 1300 20,000 ng/sample 0.06 to 10 mg /sample
n-Decane 2549 100 ng per tube or less 1500 60 ng/sample 2 - 584 ug/sample
n-Heptane 2549 100 ng per tube or less 1500 60 ng/sample 2 - 16300 ug/sample
n-Hexane 2549 100 ng per tube or less 1500 400 ng/sample 10 -14500 ug/sample
n-Octane 2549 100 ng per tube or less 1500 300 ng/sample 11 -18900 ug/sample
n-Pentane 2549 100 ng per tube or less 1500 600 ng/sample 19 - 1180 ug/sample
Pinene 2549 100 ng per tube or less 1552 400 ng/sample 2 to 840 µg/sample
Toluene 2549 100 ng per tube or less 1501 700 ng/sample 0.024-4.51 mg/sample
o-xylene 2549 100 ng per tube or less 1501 800 ng/sample 0.044-10.4 mg/sample
m-xylene 2549 100 ng per tube or less 1501 800 ng/sample 0.043-0.864 mg/sample
p-xylene 2549 100 ng per tube or less 1501 700 ng/sample 0.043-0.861 mg/sample
 
In Table 3, one can see how the analyte masses relate to atmospheric concentrations in 
this quick guide to analyte mass on thermal desorption tubes. Remember that mass on tube does 
not necessarily equate to mass on column, as there are two opportunities to split the desorption 
effluent. This facilitates the highest concentrations being spit to avoid overloading of the 
detector.  
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Table 2. Quick guide to analyte masses collected on a thermal desorption tube by pumped sampling of 10 L of 
air (at room temperature and pressure).7 
Atmospheric concentration
Molar mass 
(g mol–1)
Molar mass 
(g mol–1)2
Molar mass 
(g mol–1)3
Molar mass 
(g mol–1)4
Molar mass 
(g mol–1)5
50 75 100 150 200
1000 ppm 20 mg 30 mg 40 mg 60 mg 80 mg
10 ppm 200 µg 300 µg 400 µg 600 µg 800 µg
1 ppm 20 µg 30 µg 40 µg 60 µg 80 µg
10 ppb 200 ng 300 ng 400 ng 600 ng 800 ng
1 ppb 20 ng 30 ng 40 ng 60 ng 80 ng
100 ppt 2 ng 3 ng 4 ng 6 ng 8 ng  
 
In order to determine the concentration from mass collected on TD tube in a more exact 
manner, the following equation may be used: 
 
Equation 1. Mass collected on thermal desorption tube 
 
𝑀𝑎𝑠𝑠 (𝑔)
𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 (𝑔 𝑚𝑜𝑙 − 1) 
  𝑥 
25 𝐿 𝑚𝑜𝑙–1
𝑉𝑜𝑙𝑢𝑚𝑒 𝑝𝑢𝑚𝑝𝑒𝑑 𝑜𝑛𝑡𝑜 𝑡𝑢𝑏𝑒 (𝐿)
= 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑎𝑠 𝑎 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛) 
 
 
4.4. Sample Stability 
Another item of note is the sample stability of collected sample in the referenced NIOSH 
methods. The solvent extraction methods allow for a 30 day time period for sample stability at 
5°C. In the case of Method 2459, the sample stability is listed as compound dependent and tubes 
are to be stored at -10°C.  
                                                 
7 Source: Courtesy of and use granted by Markes International, Ltd., Application Note 025, Calculating 
atmospheric concentrations from analyte masses retained on sorbent tubes. 
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In the case of thermal desorption tubes, it was found that benzene, toluene, and m-xylene 
on Tenax tubes had sample stability far exceeding that sample stability in the cited NIOSH 
solvent extraction methods. Stability studies revealed that with the use of brass compression caps 
with PTFE ferrules, there was no statistically relevant change in the compound stability over a 
period of 14 months (Vandendriessche & Griepink, 1989). The temperature ranges for holding 
tubes in storage were from 0 to -4°C, at ambient temperature, and at 40°C. It was noted that, 
even in the case of elevated temperatures, there were no systemic differences, and speculated that 
this would remain unchanged even over the course of several years (Vandendriessche & 
Griepink, 1989).  
Multi-sorbent bed tubes can also be stored for long periods of time, akin to single bed 
tubes. In this case however, one would want to keep their tubes under refrigeration for periods of 
time exceeding 1 week (Harshman et al., 2016). This minimizes migration of low-volatility 
compounds onto the stronger sorbents, which can then become irreversibly adsorbed to the 
sorbent material.  
In one of the most recent studies available, analysis of breath samples were performed 
using three temperatures: 37 °C, 21 °C, and 4 °C. While long term storage data for some of the 
compounds showed agreement, in many cases there were significant changes in abundance over 
the 31 d test period for 45 of the 74 compounds assessed. This translated to gain or loss of 1–2 
standard deviations in abundance after the fourteen day mark. Previously studied compounds 
included on the examination of compound stability were generally in line with what was reported 
previously (Harshman et al., 2016). Eighteen of 74 had been assessed and compounds such as  
n-hexane, 4-methyl-2- pentanone and toluene were noted to have agreement for 4-week stability 
on Tenax TA [21]. Refrigeration of tubes containing isoprene, ethanol, limonene, toluene, and 
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N,N′-dimethylacetamide noted 2 week stability on Tenax GR (van der Schee et al., 2012), which 
was also in keeping with data generated in the this report (Harshman, et al., 2016).  
This updated information certainly suggests that an evaluation of the sample stability be 
considered dependent on the compound itself and empirical results obtained to ensure the best 
possible data. Also this seems to indicate that while not always necessary, the storage of all tubes 
(single or multi-bed) in refrigeration helps to lessen incidence of positive or negative drift in 
standard deviation from the mean. 
4.5. Humidity and Temperature Effects 
It is a universally acknowledged fact that high humidity and temperatures may affect TD 
samples. One example of this would be in stack sampling, where a midget impinger is used prior 
to the sample tube in the sampling train to collect condensate that would otherwise affect the 
quantitative analysis of the VOCs. While stack gases are an extreme example of high percent 
relative humidity (% RH), generally for the majority of applications, the use of sorbent selection 
and dry purge techniques are sufficient to overcome this limitation.  
High relative humidities are particularly difficult to control in the case of volatile C2-C5 
aliphatic hydrocarbons, which generally require the use of hydrophilic carbonized molecular 
sieve sorbent media such as Carboxens. This in turn can lead to low collection efficiencies and 
loss of target analytes during the dry purge process (Ho et al., 2017). That being said, there is an 
argument for online monitoring methods that pull the sample directly onto the focusing trap for 
the very volatile compounds, which can use nafion dryers (for non-polar compounds), or a new 
technology, KORI-xr (for polar compounds), that allow for removal of moisture from sample 
without loss of target compounds. In this case thermal desorption is still an apropos solution, but 
the sample introduction method would not preferentially be tubes. 
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Conflicting results exist with regard to temperature effects on thermal desorption tube 
collection. In one of the more recent works, The stability of Tenax TA thermal desorption tubes 
in simulated field conditions on the HAPSITE ER (Harshman et al., 2015) extreme loading 
temperatures from 4 to 77°C did not affect the analytical reliability seen with Tenax TA tubes. 
4.6. Comparison of Results Obtained with Solvent Extraction versus 
Thermal Desorption 
In a study by Ramirez, Cuadras, Rovira, Borrull, and Marcé (2010), comparison of CS2 
extraction of coconut charcoal tubes and thermal desorption was described. In this study, 90 
compounds were assessed using both methods. The compounds were those that would be found 
in typical industrial and urban air matrices (Ramírez et al., 2010). 
The experimental set-up called for use of a two-bed thermal desorption tube, containing 
Carbograph 1 TD, a graphitized carbon black sorbent, and Tenax TA, a porous polymer. Both of 
these compounds are inherently hydrophobic (Guardia & Armenta, 2016). This helps with water 
management when sampling from humid matrices. 
The overall conclusions reached showed the repetitivity, recovery, and detection and 
quantification limit of the thermal desorption methods were generally better than those of the 
solvent extraction methods (Ramirez, et al., 2010). Out of the 90 VOCs that were sampled, the 
solvent extraction method could only quantify 18 compounds, as compared to 50 for thermal 
desorption respectively. Of additional note was that thermal desorption methods required lesser 
sampling volumes, resulting in lesser sample times, and thus enabling one to see temporal 
variation. In the case of the solvent extraction samples, the requirement for larger sample 
volumes and sample times in turn could only show daily average compound data. 
The results of another study by Kim, et al. (2016), comparison was made of use of 
solvent extraction with GC/MS to use of TD-GC/MS for quantification of phthalates in 
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polymers. In this study, it was found that the relative standard deviation (RSD) for solvent 
extraction was below 7.4% with recoveries of 78.3%–117.4%. TD-GC/MS compared favorably 
with average recoveries of 92–103% and low method detection limits (MDLs) at <30mg/kg with 
9.0% RSD (Kim et al., 2016). The greater implication of this work was that these results suggest 
that the TD-GC/MS method could also be used for the international standard method for the 
quantification of phthalates in polymers.  
The Kim, et al. (2016)  study segues into what is perhaps one of the major points in the 
undertaking of this work; over the past 20 years the innovation in thermal desorption techniques 
continue to add more and more nationally and internationally recognized methods that TD 
complies with. It is not merely the 1996 NIOSH 2549 that represents the bulk of knowledge 
regarding the efficacy of this instrumentation and thermal desorption tube sampling techniques, 
but rather that work was the foundation upon which greater scientific gains continue to be 
applied for the analysis of a wide variety of volatile and semi-volatile compounds.  
4.7. Compliance of Thermal Desorption in Additional Standard 
Methods 
The NIOSH Method 2549 is listed as a screening method. This offers some insight 
wherein early limitations were ascribed to the method. The authors of the method, Grote and 
Ardith (2002) describe in a later work the utility of thermal desorption, while able to handle a 
broad spectrum of compound classes, as predominantly a first attempt in compound 
characterization. They list the limiting factor for use of thermal desorption as high exposures that 
make use impractical. The claim is that post identification quantification must be performed with 
other more conventional sorbent-solvent desorption methods. By 2002, although not well known 
and still in its infancy, the dawn of more advanced thermal desorption units with multiple split 
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options had already begun, which would lead to eventual removal of this barrier. Quantification 
is indeed now possible with high and low concentration exposures.   
 In 2017 there are far greater numbers of methods that use thermal desorption tubes, in 
active and diffusive sampling, than existed at the time of the NIOSH 2549 methods writing and 
inception. Not only does one see the adoption of these methods, it should be noted that the 
majority produce quantitative data. While use of thermal desorption tubes have become less 
niche and more popular in the common scientific lexicon, this objectively illustrates its capacity 
to be used as a quantitative method; not just for screening. The following Table 4 provides a list 
of some of the current methods utilizing TD tubes. 
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Table 3. Methods using thermal desorption tubes as sample introduction method8 
Pumped Sampling Methods
Year published/ last 
revision Title/Scope
 NIOSH Method 2549 1996 Volatile Organic Compounds (Screening)
ISO 16017-1 2000
Indoor, ambient and workplace air -- Sampling and analysis of volatile organic 
compounds by sorbent tube/thermal desorption/capillary gas chromatography -- Part 
1: Pumped sampling
ASTM D-6196 2015
Standard Practice for Choosing Sorbents, Sampling Parameters and Thermal 
Desorption Analytical Conditions for Monitoring Volatile Organic Chemicals in Air
US EPA Method TO-17 1999
Determination of Volatile Organic Compounds in Ambient Air Using Active Sampling 
Onto Sorbent Tubes
Chinese EPA Method HJ 644 2013
Volatile organic compounds - Ambient air Determination of volatile organic compounds 
Sorbent adsorption and thermal desorption / gas chromatography mass spectrometry 
HJ 644-2013 
Chinese EPA Method HJ 734 2014
Volatile organic compounds - Stationary source emission: Determination of volatile 
organic compounds Sorbent adsorption and thermal desorption gas chromatography 
mass spectrometry method HJ 734-2014 
EN 14662-1 2005
Ambient air quality. Standard method for measurement of benzene concentrations. 
Pumped sampling followed by thermal desorption and gas chromatography
CEN/TS 13649 2014
Stationary source emissions. Determination of the mass concentration of individual 
gaseous organic compounds. Sorptive sampling method followed by solvent extraction 
or thermal desorption
UK Environment Agency Method LFTGN 04 2014 Monitoring trace components in landfill gas: LFTGN 04
Diffusive Sampling Methods
US EPA Method 325 2015 Method 325B—Volatile Organic Compounds from Fugitive and Area Sources
EN 14662-4 2005
Ambient Air Quality - Standard Method For Measurement Of Benzene Concentrations - 
Part 4: Diffusive Sampling Followed By Thermal Desorption And Gas Chromatography
ISO 16017-2 2003
Indoor, ambient and workplace air -- Sampling and analysis of volatile organic 
compounds by sorbent tube/thermal desorption/capillary gas chromatography -- Part 
2: Diffusive sampling
ASTM 6196 2015
Standard Practice for Choosing Sorbents, Sampling Parameters and Thermal 
Desorption Analytical Conditions for Monitoring Volatile Organic Chemicals in Air
US EPA Method TO-17 1999
Determination of Volatile Organic Compounds in Ambient Air Using Active Sampling 
Onto Sorbent Tubes
 
                                                 
8 Courtesy of and use granted by Markes International, Ltd., Thermal Desorption Applications Guide: 
Environmental monitoring; A comprehensive guide to monitoring chemicals in the environment and the workplace 
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5. Conclusions and Suggestions for Future Work 
The questions raised in this review have taken an in depth look at solvent extraction 
versus thermal desorption. The primary questions discussed were the appropriateness of thermal 
desorption being limited to a screening method, the importance of environmental and 
occupational safety and health concerns raised by solvent extraction methods, and if the historic 
precedent favoring solvent extraction remained accurate in the face of thermal desorption 
instrumentation advancements since the initial publishing of the NIOSH Volatile Organic 
Compound Screening Method 2549. It is clear from the data that thermal desorption should now 
be considered for quantitative analysis. 
In reviewing updates to thermal desorption engineering, and thus capability, it is now a 
reliable quantitative method that can even be run at various split levels and split effluent can be 
recollected. As the technology has progressed, it has offered many different sample introduction 
options that have been written into methods for recommending and enforcement bodies. As 
changes in the regulatory climate continue and advancements in analytical capability in 
conjunction with toxicological and epidemiological data continue to shape OELs, it is imperative 
that methods be able to meet the requirements for lower and lower limits of quantitation and 
detection. It has been shown in evaluation of thermal desorption as compared to CS2 solvent 
extraction that the sensitivity and range are much improved by thermal desorption methods.  
The analytical advantages aside when comparing the CS2-GC/FID and TD-GC/MS, one 
also appreciates the environmental and occupational health ramifications of solvent use. Using 
less solvent in the lab or eliminating processes that necessitate its use are in keeping with green 
chemistry practices. There does seem to be an irony in that the very people charged with 
protecting worker health are exposed to unnecessary risk with use of CS2. The hierarchy of 
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controls would dictate that the best protection for workers is the elimination of the risk. It serves 
the best interest of the public, workers, and the environment to eliminate or limit solvent use in 
general where possible; and in particular in the case of methods that could otherwise be 
accomplished using thermal desorption. 
For future work, using the important foundational work of the NIOSH 2549 Screening 
Method, expansion of the data with to-date information sourced from other existing thermal 
desorption methods and empirical data should be undertaken. The limitations that consigned TD 
use to screening have been overcome with the march of technological advancement. In the 
twenty years since the method’s inception, a great many other methods and studies have 
advanced the understanding of thermal desorption tube capabilities and limitations.  
Thermal desorption offers reusable tubes, little to no solvent use is necessary, and one 
does not have to dispose of solvent or have the same ventilation concerns raised by solvent use. 
This assuages issues of environmental and health and safety ramifications that are raised by 
solvent use. The instrumentation has advanced in such a way as to offer quantitation and lower 
LODs than that of solvent extraction.  
Thermal desorption is no longer the niche technology it once was. Armed with this 
information, a review of NIOSH Method 2549 with an eye toward generating methods for 
quantitation of compounds that are no longer reliant on higher risk solvent extraction methods 
seems advisable. While time and funding of such an undertaking may present its own set of 
challenges, when carbon disulfide-GC/FID versus thermal desorption-GC/MS methods are 
viewed through the lens of analytical proficiency and human and environmental health risk, it 
would seem more universal acceptance of a method that offers less risk and gains in sensitivity 
seems a winning proposition. 
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Appendix B: Markes International Ltd. Application Note 038, 
Occupational exposure limit levels for VOCs Compatible with TD-GC 
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Appendix C: Markes International Ltd. Application note 020, 
Confirming sorbent tube retention volumes and checking for analyte 
breakthrough 
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